ABSTRACT-In the previous study, we have demonstrated that nicotine hardly induces catecholamine release from adrenal medulla of 21-day-old rats. The present study examined the responsiveness of the adrenal chromaffin cells to acetylcholine in vitro and neostigmine and oxotremorine in vivo in 21-day-old and 8-week-old rats. As assessed by electron microscopy, the number of the chromaffin granules was mark edly decreased and the content of adrenaline in adrenals was diminished significantly by oxotremorine treatment in 8-week-old rats, whereas these changes did not occur in 21-day-old rats. Morphological changes of the adrenal chromaffin cells, with respect to exocytosis, were not observed in neostigmine-treated 21-day-old rats and acetylcholine-treated adrenal slices prepared from 21-day-old rats. Catecholamine release was hardly evoked by acetylcholine in these slices as judged by measuring the catecholamine content in the medium. These results indicate that the sensitivity of the chromaffin cells to these secretagogues in 21-day-old rats is very low when compared to that in young adult rats. Adrenal chromaffin cells are innervated by cholinergic nerves. Acetylcholine, released from the nerve terminals, evokes catecholamine secretion from the chromaffin cells. In rats, both muscarinic and nicotinic acetylcholine receptors contribute catecholamine release from the adrenal chromaffin cells by separate mechanisms (1-4).
Adrenal chromaffin cells are innervated by cholinergic nerves. Acetylcholine, released from the nerve terminals, evokes catecholamine secretion from the chromaffin cells. In rats, both muscarinic and nicotinic acetylcholine receptors contribute catecholamine release from the adrenal chromaffin cells by separate mechanisms (1-4).
In rats, postnatal development and maturation of cholinergic nerve systems innervating the adrenal chro maffin cells have been reported. The adrenal chromaffin cells are not yet innervated by the nerves at birth (5, 6). Innervation of the cholinergic nerves has been observed in 4-day-old rats (7) and the amount of innervation increases threefold during the first postnatal week (8). It has been postulated that the function of the cholinergic nerves in the catecholamine synthesis and release in the chromaffin cells becomes fully mature in 10-day-old rats (5, 6).
In the previous studies, we have demonstrated that nicotine hardly induces any catecholamine release from the adrenal medulla of 21-day-old rats (9). Not only adrenaline but also noradrenaline is released from the chromaffin cells by insulin-induced hypoglycemia in fast ed 21-day-old rats, whereas preferential adrenaline release occurs in fasted 8-week-old rats (10). Insulin-induced hypoglycemia stimulates preferential adrenaline release from the adrenal medulla in various animals including rats (11) (12) (13) (14) (15) . The function of the cholinergic nerves and/or the chromaffin cells in infant rats may be partially imma ture or somewhat different from that in young adult rats.
In the present study the responsiveness of the chro maffin cells to neostigmine, a blood-brain barrier imper meable (16) acetylcholinesterase inhibitor, and oxotremo rine, a non-selective muscarinic agonist, was examined in 21-day-old and 8-week old male rats in vivo. Acetyl cholinesterase immunoreactivity has been detected in 2 day-old rats, and this immunoreactivity increases gradu ally to the adult stage (17). In some experiments, the effect of acetylcholine on catecholamine release from the chromaffin cells using adrenal slices was studied. Catecholamine release from the adrenal chromaffin cells was detected by determination of the catecholamine contents in the adrenal homogenates and the recovery of catecholamines in the chromaffin granule fraction ob tained from the 10,000 x g sediment of the adrenal homogenates. The magnitude of the decrease in the frac tion is more apparent than that in the homogenate when catecholamine secretion occurs (9, 10). Morphological changes of the adrenaline-storing chromaffin cells, result ing from catecholamine release, such as a production of Q-shaped profiles, were observed simultaneously with an electron microscope. Fig. 1 . Separation of the adrenal chromaffin granule fraction in 21-day-old rats 5 min after saline or 3 mg/kg oxotremorine injection by linear sucrose gradient centrifugation. The 10,000 x g precipitate fraction, prepared from 10 mg protein of the mixture of equal volumes of the adrenal homogenates obtained from 6 rats, was cen trifuged on a linear concentration gradient of sucrose, 0.8 to 1.6 M, and fractions of 0.25 ml were taken. 0: control, 40: oxotremorine.
MATERIALS AND METHODS
Isolation of the adrenal chromaffin granule fraction Male Wistar-Imamichi 21-day-old and 8-week-old rats (The Institute for Animal Reproduction, Ibaraki) were used after 1 week housing in our animal room for adap tation. The animals were kept under lighting conditions of 12L 12D, at 24 ± 21C , and they had free access to food and water. Five minutes after s.c. injection of oxotremo rine, dissolved in saline, rats were killed by decapitation. Adrenals were dissected immediately from the animals and homogenized with a Teflon pestle homogenizer in the medium composed of 0.3 M sucrose, 20 mM 2-(N morpholino)ethane sulfonic acid (MES) buffer (pH 5.9), 2 mM EGTA and 1 mM phenylmethylsulfonyl fluoride (PMSF). The chromaffin granule fraction was prepared from 10 mg protein of a mixture of equal volumes of the homogenates obtained from 6 rats by linear sucrose gradient centrifugation, as reported previously (18). All procedures described above were carried out at 41C.
Preparation of adrenal slices Adrenals were cut into slices about 1-mm-thick with two razors, and the slices were kept in modified Locke solution (19) aerated with 95% 02 and 5 % CO2 at room temperature. About 30 min after decapitation, 4 slices obtained from one 8-week-old rat or 8 slices from two 21-day-old rats were put in a test tube and pre-incubated in fresh solution at 37C for 2 min and then acetylcholine, dissolved in the aerated Ringer solution in a final concen tration of 10 pM, was added and incubated for an addi tional 2 min. At the end of the incubation the slices were removed, and acetate in a final concentration of 0.2% was added to the solution to prevent oxidation of cat echolamines. The solution was lyophilized and dissolved in 0.1 M phosphate buffer, pH 2.5 (the mobile phase of HPLC for analyzing catecholamines). The slices were homogenized in ice cold water, and an equal volume of the mobile phase was added immediately to the homogenate.
The homogenate was centrifuged at 10,000 x g for 5 min. These were analyzed for catechol amines by HPLC. In another series of the experiments, these slices were fixed and processed for electron microscopy.
Determination of catecholamines and protein concentra tion
Catecholamines in the homogenates of adrenals and slices, Locke Ringer and the chromafl'in granule fractions were analyzed by HPLC as reported previously (18). Protein concentration was measured by the method of Bradford (20) with bovine r-globulin as a standard.
Electron microscopy Animals were killed by cervical dislocation 5 or 10 min after oxotremorine or neostigmine s.c. administration, respectively. Adrenals were dissected rapidly from the animals after decapitation and were cut into two pieces with two razors. These were pre-fixed by microwave ir radiation by the method of Mizuhira et al. (21) in a solu tion containing 2% formaldehyde, 0.5% glutaraldehyde, 0.1 °1o tannic acid, 2 mM CaC12 and 1 MM MgC12 in 0.1 M sodium cacodylate buffer, pH 7.2. The temperature of the fixative at the start of fixation was kept at 20'C. Discon tinuous microwave irradiation, generated by MWF-2 (Nisshin-EM Co., Ltd., Tokyo), was performed in the water bath, kept at 201C, for 2 min with 5-sec irradiations and 5-sec intervals. The temperature of the fixative was about 33C at the end of the irradiation. The segments were immersed in the fixative for an additional 2 hr at room temperature. The adrenal medulla was isolated with Co., Ltd., Tokyo and neostigmine methyl sulfate was the product of Shionogi & Co., Ltd., Osaka. EGTA, MES, oxotremorine, PMSF and tannic acid were purchased from Sigma Chem. Co., St. Louis, MO, USA. The dye reagent for protein determination and r-globulin were from Bio-Rad, Richmond, CA, USA Glutaraldehyde, paraformaldehyde and OS04 were from TAAB Laboratories Equipment, Ltd., Berks, England Quetol 812 and QY-1 were from Nisshin-EM Co , Ltd , Tokyo. Other chemicals were all analytical or electron microscope grade. 
RESULTS
Effect of oxotremorine on adrenal chromaffin cells in 8 week-old and 21-day-old rats The 21-day-old rats were injected with oxotremorine (0 2, 0.5 and 1 0 mg/kg) About 30 sec after the injection, a weak tremor was evoked in all rats. The extent of the tremor increased gradually. Strong tremor occurred about 90 sec after the administration in rats receiving 0 5 and 1 0 mg/kg oxotremorine. The animals were killed 5 min after the treatment and the morphological changes of the adrenal chromaffin cells, indicative of exocytosis, were monitored by electron microscopy. The data indi cated that there were no morphological changes indicative of catecholamine output (data not shown). Adrenal slices were pre-incubated at 371C for 2 min, and then acetylchohne was added and incubation carried out for an additional 2 min The amount of adrenaline and noradrenaline in the slices plus medium of the control experiment was 40 8 ± 1 2 nmol and 12 9± 1 8 nmol, respectively, in 8-week-old rats and 31 6±2 2 nmol and 10 3 ± 1 0 nmol, respectively, in 21-day old rats The data represent percent of catecholamines in the medium per total cat echolamines (the content in the medium plus the content in the homogenate) *P <0 05, **P <0 005 vs control Oxotremorine (3 mg/kg) was injected into 8-week-old and 21-day-old rats. Severe tremor occurred about 90 sec after the injection in both groups. Table 1 indicates the changes in the catecholamine contents in adrenals of these animals 5 min after the injection The adrenaline content of 8-week-old rats was significantly diminished by the treatment, whereas the content of 21-day-old rats was not decreased apparently. The noradrenaline content did not change markedly in either group. Figure 1 demonstrates the recovery of catecholamines in the chromaffin granule fraction from the 10,000 x g sediment of the homogenate mixture of 21-day-old rats. The recovery of adrenaline and noradrenahne hardly changed 5 min after oxotremo rine injection Figures  2a and 3a show electron micrographs of the adrenal chromaffin cells in 8-week-old and 21-day-old control rat, respectively. In these cells, chromaffin gran ules were distributed almost evenly over the cytoplasm No morphological difference of the chromaffin cells between 8-week-old and 21-day-old rats was detected. Figure 2b shows the chromaffin cell of a 3 mg/kg oxo tremorine-injected 8-week-old rat The number of chro maffin granules decreased markedly 5 min after the injec tion. The decrease was found frequently, but not all cells responded to the stimulus About one-third of the chro maffin cells contained a reduced number of chromaffin granules, as far as examined in 3 animals. The increase in the number of vacuoles in the cytoplasm was scarcely observed. Sometimes Q-shaped profiles, indicative of exo cytosis, were found (arrowhead in Fig 2b) Figure 3b shows a typical example of the chromaffin cells of oxotremorine-injected 21-day-old rats No decrease in the number of the chromaffin granules was found, from the examination in 3 rats Effect of neostigmine on adrenal chromaffin cells in 8 week-old and 21-day-old rats Neostigmine (0.2, 0.5 or 1 0 mg/kg) was injected into 8-week-old and 21-day-old rats, and 10 min after the in jection, these animals were killed. In all doses examined, behavioral activity seemed to be somewhat low when compared to the control animals. The extent of the response was most remarkable in the animals receiving 1 0 mg/kg of neostigmine in both the groups Figure 4 (a and b) shows electron micrographs of the chromaffin cell of a 1 0 mg/kg neostigmine treated 8-week-old and 21-day-old rat, respectively. In the chromaffin cells of 8-week-old rats, the number of chromaffin granules was decreased markedly by neostigmine treatment, whereas the number did not change significantly in 21-day-old rats No increase in the number of vacuoles was found in the cells of 8-week-old neostigmine-injected rats (Fig 4a) Effect of acetylcholine on chromaffin cells in adrenal slices obtained from 8-week-old and 21-day-old rats Adrenal slices was preincubated for 2 min at 371C and acetylcholine in a final concentration of 10,uM was added to the medium. These slices were then incubated for an additional 2 min. As shown in Table 2 , catecholamine release occurred in the slices prepared from 8-week-old rats by the treatment, whereas catecholamine release was hardly evoked by the treatment in the slices obtained from 21-day-old rats.
As indicated in Figs. 5a and 6a, the chromaffin granules in the slices obtained from 8-week-old and 21-day-old rats in the control experiments were somewhat globular as compared to those in the intact chromaffin cells (Figs. 2a  and 3a) . The number of the chromaffin granules was decreased markedly by acetylcholine treatment in the slices prepared from 8-week-old rats (Fig. 5b) , whereas the indications of exocytosis were hardly observed in the slices from 21-day-old rats (Fig. 6b) . The number of vacuoles in remarkably (Fig. 5b) . 
DISCUSSION
Observation of the noradrenaline-storing chromaffin cells, that form about 17% of the medullary contents in 26-day-old rats (7), was omitted in the present study. De tection of catecholamine output from the cells by electron microscopy was difficult because many vacuoles were present in the cytoplasm of the cells in the control animals. The increase in the number of vacuoles without electron dense materials, produced by membrane recy cling resulting from exocytosis (22, 23) , is a one of the indications of catecholamine release. Unresponsiveness of the noradrenaline-storing chromaffin cells in 21-day old rats to acetylcholine in vitro and oxotremorine in vivo was confirmed by biochemical studies.
In 21-day-old rats, oxotremorine failed to decrease the catecholamine content in adrenals and the recovery of catecholamines in the chromaffin granule fraction from the 10,000 x g precipitate of the adrenal homogenates by sucrose gradient centrifugation. Unresponsiveness to oxotremorine stimulation of the adrenal chromaffin cells of 21-day-old rats was confirmed by electron microscopy. Although the response of the chromaffin cells to neostig mine in 21-day-old rats was not examined by biochemical methods, electron microscopy indicates that the sensitiv ity of the cells to the treatment is very low. In the in vitro study using adrenal slices of 21-day-old rats, 10 pM acetylcholine, an effective dose to induce catecholamine release from a perfused rat adrenal gland (1) and from a single rat chromaffin cell (4), failed to induce the cat echolamine release and the morphological changes con cerning catecholamine secretion, whereas the number of the chromaffin granules decreased markedly and cat echolamine release occurred in the slices prepared from 8-week-old rats.
In the previous study, insulin-induced hypoglycemia evokes both adrenaline and noradrenaline release from the adrenal medulla of 21-day-old rats (10). This indicates that the mechanism of the chromaffin cells for catechol amine secretion is at least functionally active in 21-day old rats, although the responsiveness to hypoglycemia is somewhat different from that in young adult rats. Previ ously we observed two types of vacuoles involved with transport of materials from the cell body to the nerve terminal and from the nerve terminal to the cell body, respectively, in the pre-ganglionic cholinergic nerve fibers in adrenal medulla of 21-day-old rats (9). Q-shaped profiles, resulting from acetylcholine release, were found in the cell membrane of the cholinergic nerve terminals, innervated to the chromaffin cells, in 21-day-old control rats (10). These suggest that the cholinergic nerves are at least functionally active, although the degree of maturity is not clear from these data.
In neonatal rats, there are several reports that catechol amine secretion is evoked by a non-neuronal pathway (24-27). The factor contributing to this pathway is unknown at present. Experiments to provide direct evi dence were not performed in the present study; however, it is probable that in 21-day-old rats, activation of acetyl choline receptors in the chromaffin cells scarcely contrib utes to catecholamine secretion. Catecholamine release may be mainly evoked by the non-neuronal pathway. Al ternatively, the acetylcholine receptors in the chromaffin cells and/or the signal transduction system concerned with acetylcholine stimulation may be immature in 21 day-old rats, resulting in low sensitivity towards several types of secretogogue stimulation.
In the present study, two-thirds of the adrenaline storing chromaffin cells did not respond to oxotremorine stimulation in 8-week-old rats. The presence of the un responsive cells 8 hr after exposure to restraint stress in rats has also been reported (28). It is unknown at present why not all cells respond to the stimulation. Previously we have reported that the number of vacu oles in adrenal chromaffin cells remarkably increases 2 min after nicotine administration in 8-week-old rats (9). This is probably due to membrane recycling resulting from exocytosis. In the present study, the number of vacuoles was not increased significantly by neostigmine and oxotremorine administration in vivo and acetylcho line treatment in vitro in 8-week-old rats, whereas the number of chromaffin granules decreased markedly after the stimulation. The presence of two membrane retrieval phases (endocytosis), a fast and high intracellular Cat+ required pathway with a time constant of 25 sec (29) and a slower Cat+-independent phase which begins after a prolonged lag period of about 10 min (30), has been reported. If nicotine-induced endocytosis corresponds to the fast phase and muscarinic stimulation induces the slower phase, there is a complicated problem in the present results. Acetylcholine and neostigmine probably possess not only a muscarinic effect but also a nicotinic effect on the chromaffin cells. We could not explain why the number of vacuoles in the chromaffin cells was not increased by acetylcholine and neostigmine stimulation in the present study. It has been suggested that nicotinic receptors are primarily concentrated in the synaptic zones of the chromaffin cell membrane and are involved in the physiological stimulation of the adrenal medulla, whereas extrasynaptic regions contain a mixture of nicotinic and muscarinic receptors, which are activated by injected acetylcholine (1). It seems probable that the muscarinic effect of acetylcholine and neostigmine was more appar ent than the nicotinic effect of these secretogogues as a result of the uneven distribution of these receptors in the cell membrane.
